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Electrochemical machiningAbstract Electrochemical machining (ECM) is an effective and economical manufacturing method
for machining hard-to-cut metal materials that are often used in the aerospace field. Cathode design
is very complicated in ECM and is a core problem influencing machining accuracy, especially for
complex profiles such as compressor blades in aero engines. A new cathode design method based
on iterative correction of predicted profile errors in blade ECM is proposed in this paper. A math-
ematical model is first built according to the ECM shaping law, and a simulation is then carried out
using ANSYS software. A dynamic forming process is obtained and machining gap distributions at
different stages are analyzed. Additionally, the simulation deviation between the prediction profile
and model is improved by the new method through correcting the initial cathode profile. Further-
more, validation experiments are conducted using cathodes designed before and after the simulation
correction. Machining accuracy for the optimal cathode is improved markedly compared with that
for the initial cathode. The experimental results illustrate the suitability of the new method and that
it can also be applied to other complex engine components such as diffusers.
 2016 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and Astronautics.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).1. Introduction
Blades, which are generally made of Ni-based super alloys or
titanium alloys with very complex profiles, are key parts of acompressor. Electrochemical machining (ECM) is a cost-
effective approach for manufacturing blades at a high material
removal rate without tool wear.1,2 In the ECM process, the
workpiece (anode) is connected to the tool (cathode) via an
electrolytic cell.3–5
Cathode design, which is affected by the multi-physical field
in the ECM process, is the main factor influencing forming
accuracy. The physical field investigation in the machining
gap is very important, and scholars around the world have per-
formed a great deal of related research. Chang and Hourng
investigated tool design, including the effects of thermal-fluid
properties, using a two-dimensional two-phase numerical
Fig. 1 Schematic diagram of blade ECM process with bilaterally
fed tools.
Fig. 2 Basic principle of proposed cathode design method.
1112 D. Zhu et al.model.6 Li and Niu proposed a finite-element numerical
approach for cathode design based on the potential distribution
in blade ECM.7 Purcar et al. proposed an advanced CAD-
integrated approach for 3D simulations with strong non-
linear boundary conditions, including reaction efficiency and
moving cathode tools.8 Bilgi et al. predicted the radial overcut
in deep holes drilled by shaped-tube ECM.9 Wang et al. pre-
dicted the anodic dissolution process with the finite-element
method in the through-mask electrochemical micromachining
process.10 Zhitnikov et al. investigated bulge formation in the
ECM process for a flat electrode with an insulated area based
on a step function of current efficiency.11 Wu et al. studied a
hollow structure cathode for improving heat removal.12
Minazetdinov analyzed the two-dimensional problem in
ECM with a periodic cathode tool.13 Qu and Xu optimized
cathode feed directions to improve machining accuracy in blade
ECM.14 Kozak presented physical and mathematical models
for the simulation process using a computer-aided engineering
system in ECM.5 Deconinck and Deconinck presented a
temperature-dependent multi-domain model for ECM numeri-
cal simulation with a moving cathode tool.15 Zhu et al. pro-
posed a rotate-print ECM method and the cathode tool were
designed.16 Pan and Xu carried out vibration analysis using
cathode vibration feed system.17 Tang and Gan utilized flow
field simulation for cathode design.18 Klocke et al. presented
a multi-physical interdisciplinary approach for modeling the
ECMmaterial removal process by coupling all relevant conser-
vation equations for the manufacture of aero engine
components.19,20
With the development of aero engines, the shapes of com-
pression blades have become more complex and the precision
required for their manufacture has increased continuously.
Similarly, cathode design precision requirements have become
increasingly higher. In order to improve the machining accu-
racy of blades by ECM, a new cathode design method based
on the iterative correction of predicted profile errors in blade
ECM, is proposed in this paper. The workpiece dissolution
process is simulated and the cathode is corrected according
to the simulation result. In addition, validation experiments
are conducted to improve blade machining accuracy.
2. Blade ECM process with bilaterally fed tools
The blade ECM process with bilaterally fed tools is illustrated
in Fig. 1. As the figure shows, the blade (workpiece) is con-
nected to the anode of the power supply, and the concave part
tool and convex part tool are connected to the cathode. In this
process, electrolyte is pumped through the machining gap at a
high speed to carry away electrolytic products. With the con-
cave part cathode and convex part cathode moving toward
the blade simultaneously in opposite directions, the blade is
gradually formed into its final shape. There are several
machining errors in ECM: (1) copying error, the error between
the machining profile and design model, is caused mainly by
the inaccuracy of the cathode profile; (2) repeated error, the
error in the machining profiles, is induced primarily by the
fluctuation of machining parameters in every process; (3) gen-
eric error, the error inherited from the allowance deviation of
the blank, occurs mainly because machining localization in
ECM is weaker compared with electrical discharge machining
(EDM) or milling. If the electrode feeding distance is notenough to eliminate allowance deviation of the blank in the
process, generic errors arise. Large allowance deviation and
small feeding distance lead to generic errors. This paper only
considers copying error and presents a new cathode design
method to decrease this error.
Many factors influence the shaping law, including the elec-
tric field, flow field, and electrochemistry field, etc., so the cath-
ode design process is very complicated, especially for complex
components in ECM. It is difficult to obtain an accurate cath-
ode profile, and there is generally design error of the cathode
profile, which leads to the machining deviations of blade. In
order to improve cathode design accuracy, this study
researches the ECM shaping law. A new cathode design
method based on the iterative correction of predicted profile
errors is presented in blade ECM. The basic principle of this
method is shown in Fig. 2.
As illustrated in Fig. 2, the cathode moves toward the
workpiece in the feed direction in the ECM process, and the
workpiece dissolves gradually. There are deviations between
the machined profile and workpiece model, the main reason
for which is the inaccurate cathode profile. To decrease the
deviations, cathode design precision must be improved. A
flowchart of the improved approach for optimal cathode
design is shown in Fig. 3. First, along with the workpiece
model, the initial cathode can be designed on the basis of the
cosh method commonly used in engineering applications. Sec-
ond, the material removal process is modeled according to the
ECM law and the workpiece profile is forecasted. Third, the
Fig. 3 Flowchart of improved approach for optimal cathode
design.
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file and workpiece model are calculated and the cathode profile
is adjusted with corrected values (d1, d2, . . ., di, . . ., dn) related
to the deviations. Fourth, the process is simulated again by
remodeling the cathode until the deviations (D1, D2, . . ., Di,
. . ., Dn) are smaller than the required error e.
This cathode optimal design method has the following
advantages: (1) cathode design accuracy is improved and
machining precision is increased correspondingly; (2) since
cathode correction times are decreased, the electrode prepara-
tion period is shortened and machining efficiency is increased.
Therefore, this method is useful in blade ECM and also appro-
priate for complex surface components such as blisks and dif-
fusers. The simulation and verification of this method are
developed in the following paragraphs.
3. Mathematical model for material removal process
3.1. Electric field influence
To simplify the electric model, several assumptions are made
as follows: (1) the electrolyte flow is turbulent in the machining
gap and can be treated as a uniformly mixed pseudo-
continuous medium of gas and liquid with local average void
fractions; (2) current density is determined by electrolyte con-
ductivity in the gap and by the voltage U according to Ohm’s
law, and the electrochemical reaction is accounted for by intro-
ducing the total over potential; (3) the process is in the equilib-
rium state.5,9 Based on ECM shaping theory, the distribution
of electric potential in the gap satisfies the Laplace equation:
@2u=@x2 þ @2u=@y2 ¼ 0 ð1Þ
where u is the electric potential, and x and y are the
coordinates.
In the process, the workpiece and cathode materials are
metals that can be seen as equipotential bodies. The potentials
on the cathode and anode are 0 V and U, respectively. Thespecific boundary conditions of the electric field in this
situation are shown as follows:
ua ¼U on the anode boundary ðworkpieceÞ
@u=@n¼ vf cos h=gxj on the anode boundary
uc ¼ 0 on the cathode boundary ðtoolÞ
@u=@n¼ 0 on other boundaries
8>><
>>:
ð2Þ
where ua is the anode electric potential, U the applied voltage,
n the normal direction of the boundary, vf the feed rate of the
cathode, h the angle between the normal to the anode and the
cathode feed direction, g the current efficiency, x the volumet-
ric electrochemical equivalent of the anode metal, j the elec-
trolyte conductivity, and uc the cathode potential.
By the finite-element method, the electric field intensity E in
the gap can be determined, and it meets the following formula:
E ¼ @u=@n ð3Þ
According to the Ohm law and Faraday law, the corrosion
velocity of the workpiece can be written as:
vix ¼ gxjEix
viy ¼ gxjEiy

ð4Þ
where vix and viy are the ith components of the corrosion veloc-
ity in the x and y coordinate directions, respectively, and Eix
and Eiy the ith components of the electric field intensity in
the x and y coordinate directions, respectively.
At an arbitrary point A (xi, yi) on the anode at time t, after
a time interval Dt, the coordinate changes to A0 (xi0, yi0). The
relationship between these two points is:
x0i ¼ xi þ vixDt
y0i ¼ yi þ viyDt

ð5Þ
By the above formula, a series of points on the section line
of the workpiece can be calculated after every time interval.
Then the forecasting profile is obtained according to the
required machining time.
3.2. Electrolyte influence on heat transfer and bubble rate
The electrolyte flow field has important effects on the shaping
process apart from the electric field factor. During the process,
the electrolyte conductivity changes along the flow path. It is
affected by the temperature rise and bubble rate, which are
the main factors in the flow field. Generally, the temperature
grows as ECM proceeds, leading to the increase of conductiv-
ity. Meanwhile, the bubble rate increases gradually along the
flow path, resulting in the decrease of conductivity. The com-
prehensive influences of these two aspects can be calculated
based on the continuity equation, momentum equation, and
energy equation of the flow. The relationship between elec-
trolyte conductivity and these two flow parameters is as
follows:
jðxÞ ¼ j0ð1þ fðTðxÞ  T0ÞÞð1 bðxÞÞk ð6Þ
where j0 is the electrolyte inlet conductivity, f the temperature
coefficient, T the electrolyte temperature, T0 the initial
Fig. 5 Flowchart of simulation.
1114 D. Zhu et al.electrolyte temperature, b the electrolyte bubble rate, and k the
index considering the influence of the bubble rate on
electrolyte conductivity. k can be chosen from 1.5 to 2 but is
usually equal to 1.5.
4. Simulation of blade ECM process
According to the above mathematical model, the blade ECM
process is simulated by ANSYS software as described in the
following paragraphs.
4.1. Modeling and loading
The sketch of the simulation model in the initial stage of blade
ECM is shown in Fig. 4. The workpiece whose boundaries are
represented by C1–C4 is a block in its original state and its
cross section is a rectangle. The cathodes whose boundaries
are represented by C5 and C6 are fed toward the workpiece
in opposite directions with a constant feed rate. And the fixture
is static with its boundaries represented by C7 and C8. Between
the cathodes and workpiece is the machining area which is
filled with electrolyte. The simulation model is a closed region
enclosed by the convex part cathode profile, fixture boundary,
concave part cathode profile and workpiece.
As the cathodes are fed, the workpiece dissolves and its pro-
file changes. The simulation model should then be recon-
structed. The workpiece, convex part cathode profile and
concave part cathode profile are discretized respectively to a
series of key points (P1, P2, . . ., Pm), (O1, O2, . . ., Ol) and
(Q1, Q2, . . ., Qn). In every dissolution step, a new workpiece
profile is fitted again by the new key points generated in the
normal direction of the profile according to the ECM law.
The cathodes’ profiles are rebuilt through the new key points
whose x coordinates change based only on the cathode feed
rate. Then dissolution process continues until the cathodes
are fed into the final position. The simulation flowchart is illus-
trated in Fig. 5.
In this simulation process, the fixed boundary conditions
are as follows: (1) on the workpiece, u|C1,2,3,4 = 20 V; (2) on
the convex part and concave part cathode profiles, u|
C5,6 = 0 V; (3) on other boundaries, @u/@n|C7,8 = 0. The
parameters are as follows: (1) the starting value of the elec-Fig. 4 Simulation model in blade ECM.trolyte conductivity is 152 mS/cm, which is obtained by practi-
cal experimental measurements; (2) the cathodes’ feed lengths
are both 10.5 mm and their velocities are 0.5 mm/min. After
setting the boundary conditions and corresponding parame-
ters, we conducted the simulation with the ANSYS Parametric
Design Language (APDL).
4.2. Simulation and discussion
By solving the above model, the dynamic forming process of
the workpiece is acquired. The simulation analysis and discus-
sion of results are presented in the following paragraphs.
The profile of the cross section lines on the concave and
convex parts can be obtained during the simulation process.
The electric field intensity distributions in the machining area
at different machining stages are illustrated in Fig. 6. Some
conclusions can then be drawn as follows: (1) in the initial
stage (t= 0 min), the electric field intensities are low in nearly
all of the machining area. (2) With cathode feeding, the work-
piece dissolves gradually and its profile is shaped closely resem-
bling the blade profile as the machining gap evolves uniformly
and its values decrease step by step. The electric field intensity
values increase with time, and their distribution becomes
homogeneous from t= 5 min to 20 min. (3) In the final stage
(t= 21 min), the workpiece is largely formed and approaches
its final profile, and the ECM process is in an equilibrium state.
The electric field intensity distribution changes to be more even
than that in previous stages and its values attain their maxima
from over the whole process.
In order to observe specific values of the current density, 42
sampling points are acquired from trailing edge to leading edge
at the machining gap of the convex part and concave part in
the equilibrium state. The current density distribution curves
are described in Fig. 7. The current density values are 36.7–
39.2 A/cm2 at the convex part gap, while 39.2–40.2 A/cm2 at
the concave part gap. The averages of the two curves are
38.6 A/cm2 and 39.5 A/cm2, respectively, and the variances
are 22.7 (A/cm2)2 and 3.6 (A/cm2)2, respectively. The results
Fig. 6 Electric field intensity distributions at different machining stages.
Fig. 7 Current density distribution curves at machining gap in
final stage.
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the concave part gap than that at the convex part gap.
The machining gap changes from trailing edge to leading
edge in the convex and concave part channels in the simulation
process are described in Fig. 8. Forty-two points are sampled
in the gap at every machining stage. As shown in Fig. 8, (1)
the machining gaps at the initial time (0 min) are large in both
the convex and concave part channels, and the trend is not uni-
form from trailing edge to leading edge. The maximum value is
nearly 5.85 mm. (2) With the increase of machining time, the
machining gaps become even and their values become small.
The ECM process settles gradually into the equilibrium state
from the transition state. (3) At about 20 min, the convex part
gaps are nearly 0.54 mm for the whole profile and the machin-Fig. 8 Machining gap changesing process can be supposed to be in the equilibrium state. At
around 15 min, the concave part gaps are approximately
0.54 mm and the process can also be considered to be in the
equilibrium state, which is earlier than for the convex part
gap. (4) The machining times for reaching the equilibrium state
in the concave and convex parts are not equal because the
workpiece blank is a block while the cathodes’ profiles are
curves, leading to uneven machining allowance distributions
at different stages. The machining allowance is normally large
in the region where the machining gap is small. In this area, the
electric field intensity and corrosion rate are larger than those
in the large-gap area. With the cathodes moving, the machin-
ing gap distributions between the workpiece and cathodes
become uniform. When their deviations between two simula-
tion steps are small, the process will be considered to be in
an equilibrium state. The curvature radius variation on the
concave part is smaller than that on the convex part, making
the allowance more uniform. Therefore, the concave part
reaches the equilibrium state more quickly than the convex
part does.
By comparing the forecasted profile in the final stage and
the blade model, we summarized the partial deviations of a
cross section line on the convex and concave parts in Table 1.
(1) In the convex part, the deviation D ranges from 3 lm to
47 lm from trailing edge to leading edge. (2) In the concave
part, the deviation D ranges from 1 lm to 46 lm from leading
edge to trailing edge. (3) The deviations in the two parts are
relatively large; the main reason for this may be design error
in the cathode profile. Therefore, the cathode profile should
be corrected.during simulation process.
Table 1 Partial deviations between forecasted profile and
blade model.
Points Deviation (lm)
D1 D2 D3 D4 D5 D6 D7 D8 D9
Convex part 10 13 27 36 43 47 46 43 40
Concave part 40 46 38 30 27 18 12 7 1
1116 D. Zhu et al.Based on the deviations of the cross section line on the con-
vex and concave part profiles, the corresponding control lines
on the cathode are corrected. The corrected quantity d values
of the cathode are equal to the deviations in the ECM experi-
ence. After calculating and remodeling, we achieved the new
and corrected cathode profiles. Then the ECM process is sim-
ulated again, and the new forecasted workpiece profile is
obtained. After calculating, we obtained the deviations
between the simulation and blade model once more. The devi-
ation distributions before and after correction for the convex
and concave parts are shown in Fig. 9. The results demonstrate
that: (1) the deviations for the concave and convex parts after
cathode correction are less than 10 lm; (2) just one correcting
iteration was used in the correction process, and resulted in a
good simulation deviation for the workpiece; (3) the corrective
process is effective and the simulation accuracy is improved.Fig. 9 Distributions of deviations between the simulation and blad
concave parts.
Fig. 10 Model and real comp5. Experimental
5.1. Experiment conditions
To validate the simulation process, blade ECM experiments
were carried out. The model and real components in the
machining region are shown in Fig. 10. In the process, the con-
vex and concave part cathodes were fixed on the installation
base and feed rates were both 0.5 mm/min. The electrolyte flo-
wed into convex and concave part channels separately, and
their pressures could be controlled independently to improve
the uniformity of the flow field distribution. The electrolyte
inlet pressure was 0.8 MPa, and the electrolyte temperature
was 30 C. Through electrochemical dissolution, the workpiece
was formed into a blade. The machining conditions are given
in Table 2.
According to the simulation analysis, two cathodes were
designed against a real blade model. One was designed on
the basis of the ECM law, and the other was designed by cor-
recting the cathode profile based on the forecasted profile
errors. The cathode models of the convex and concave parts
are described in Fig. 11 and were manufactured by a multi-
axis milling machine because of their complex profiles. The
blade ECM experiments were carried out with these two cath-
odes in view of the above machining conditions.e model before and after cathode correction on the convex and
onents in machining region.
Table 2 Machining conditions in blade ECM.
Condition Value
Power voltage (V) 20
Electrolyte temperature (C) 30
Electrolyte inlet pressure (MPa) 0.8
Cathode feed rate (mm/min) 0.5
Fig. 11 Cathode models in blade ECM before and after
correction.
Fig. 12 Machining samples using cathodes before and after
correction.
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After the ECM process, the machining samples were manufac-
tured (Fig. 12) with the two cathodes mentioned above. The
machining process was stable and the current increased gradu-
ally. At the beginning stage of the process, the currents wereFig. 13 Deviations of the machining blades usmall. The workpiece was a block while the profiles of the con-
vex and concave part cathodes were curved surfaces. The pro-
file difference between the workpiece and cathodes led to
nonuniformity of the machining gap and large distances in most
areas, which caused small current values. With cathode feeding,
the workpiece profile became close to the cathodes’ profile, and
the machining gap became small and evenly distributed. The
current gradually increased. At the end of the process, the cur-
rent approached a constant because the process reached the
equilibrium state in which the machining gaps on the whole
workpiece profiles were essentially unchanging. The current
change agreed with the machining gap variation in Fig. 8.
5.3. Discussion of machining results
After assessing the samples machined using the cathodes before
and after correction through the three-coordinate measuring
machine, we can see the deviations of the convex and concave
parts between the model and samples in Fig. 13, from which
some conclusions can be made as follows: (1) before cathode
correction, the maximal deviation is 59 lm for the convex part
while it is 46 lm for the concave part. After cathode correction,
the maximal deviation is 20 lm for the convex part while it is
21 lm for the concave part. These values are lower than those
before cathode correction. (2) The results illustrate that the sim-
ulation correction method is effective and that machining accu-
racy was improved. This method can also be applied to other
complex components such as diffusers, etc. (3) The deviations
of the convex part are larger than those of the concave part
before correction. This may be caused by the difference of the
curvature radius of each profile. The curvature radius of the
concave part is larger and the radius change is slighter over
the whole profile than in the case of the convex part. (4)
Although the deviations clearly decrease after cathode correc-
tion, the values are still greater than those of the simulation
deviations described in Fig. 9. The main reason for this may
be that there are many factors influencing the ECM process
and the shaping law is very complicated. The simulation model
has some errors, and it can be further improved using experi-
mental data to modify the model and make it more accurate.
The surface morphology is also assessed with a 3D digital
microscope (Leica DVM5000) and the result is illustrated in
Fig. 14. As shown in the figure, there are no flow marks on
the sample surface and the profile quality is good. The maxi-
mal height difference of the measured profile is 0.342 lm.sing cathodes before and after correction.
Fig. 14 3D profile of samples.
1118 D. Zhu et al.6. Conclusion
A new cathode design method based on iterative correction of
predicted profile errors in blade ECM is proposed in this
paper. Then, a mathematical model was built according to
the ECM shaping law, and simulations were carried out. A
dynamic forming process was obtained, and the simulation
deviation between the predicted profile and model was
improved through correcting the initial cathode profile by
the new method. Furthermore, validation experiments were
conducted using cathodes designed before and after simulation
correction. The accuracy of samples machined with the opti-
mal cathode was both 20 lm on the convex and concave parts,
which is better than that of samples machined by the initial
uncorrected cathode.Acknowledgments
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